Long-term memory formation has been proven to require gene expression and new protein synthesis. MicroRNAs (miRNAs), as an endogenous small non-coding RNAs, inhibit the expression of their mRNA targets, through which involve in new memory formation. In this study, elevated miR-181a levels were found to be responsible for hippocampal contextual fear memory consolidation. Using a luciferase reporter assay, we indicated that miR-181a targets 2 upstream molecules of mTOR pathway, namely, PRKAA1 and REDD1. Upregulated miR-181a can downregulate the PRKAA1 and REDD1 protein levels and promote mTOR activity to facilitate hippocampal fear memory consolidation. These results indicate that miR-181a is involved in hippocampal contextual fear memory by activating the mTOR signaling pathway. This work provides a novel evidence for the role of miRNAs in memory formation and demonstrates the implication of mTOR signaling pathway in miRNA processing in the adult brain.
Introduction
The regulation of gene expression and protein synthesis is crucial for memory formation (Silva and Giese 1994; Maren 2003; Dudai 2004; Maguschak and Ressler 2012) . In recent studies, the epigenetic regulation of gene expression has been extensively investigated in terms of learning and memory. Among these epigenetic mechanisms, microRNAs (miRNAs), which are endogenous small noncoding RNAs that act as translational repressors, potentially regulate the complex translational program supporting memory (Ambros 2004; Abe and Bonini 2013) . miRNAs achieve post-transcriptional repression by directly binding to the 3′UTR of target mRNAs and they are highly expressed in the brain; moreover, their expression is dynamically regulated during plasticity, both cellular and behavioral levels (Zovoilis et al. 2011; Siegert et al. 2015; Kos et al. 2016) . The miRNA-mediated regulation of gene expression has been implicated in synapse plasticity in neurons and long-term memory (LTM) formation in behavior. For instance, miR-9-3p can promote long-term potentiation and hippocampal memory; miR-980 can function to suppress memory formation by acting in multiple types of neurons, and miR-34a is required for cued fear memory consolidation by inhibiting the Notch pathway (Lin et al. 2011; Spadaro and Bredy 2012; Wang et al. 2012; Dias et al. 2014; Jovasevic et al. 2015; Siegert et al. 2015; Guven-Ozkan et al. 2016; Sim et al. 2016 ).
In addition to these miRNAs, the functions of most miRNAs in learning and memory remain unknown.
The miR-181a, which is a member of the miR-181s family, participates in many biological processes, such as cell proliferation, cellular invasion, apoptosis, and tumor suppression (Korhan et al. 2014) . miR-181a is highly expressed in a variety of brain regions, including the hippocampus and ventral tegmental areas, the regions which are associated with memory and addiction (Chandrasekar and Dreyer 2009; Zovoilis et al. 2011; Griggs et al. 2013) . miR-181a controls GluA2 surface expression in hippocampal neurons and exhibits a close association with cerebral ischemia (Ouyang et al. 2012; Saba et al. 2012) . In adults, miR-181a regulation in the accumbens affects the elimination of cocaine-induced conditioned place preference (Chandrasekar and Dreyer 2011) . However, the role of miR-181a in learning and memory is unknown.
In this study, we demonstrated that miR-181a is necessary to and sufficiently involved in the formation of hippocampal contextual fear memory. Using a luciferase reporter assay, we found that miR-181a targets 2 upstream molecules of mTOR pathway, namely, PRKAA1 and REDD1. We found that miR181a upregulation can downregulate the PRKAA1 and REDD1 protein levels and then activate mTOR to facilitate hippocampal fear memory formation.
Materials and Methods

Animals
Adult C57BL/6 J mice (2-3 months old) were housed in standard cages in a temperature controlled (22°C ± 2°C) room under diurnal condition (12 h light/dark cycle) with food and water available ad libitum unless noted otherwise. All animal procedures were in accordance with the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Shandong University.
Tissue Preparation and Western Blot
Brains were quickly removed after decapitation at the desired time points, while coronal sections (1 mm thick) were obtained using a mouse brain slicer (Braintree Scientific). Hippocampal regions were obtained freehand at 0°C followed by homogenization using a Bullet Blender Homogenizer (Nextadvance). Rodent tissue homogenates were prepared in Tris-HCl buffer, pH 7.5, containing 1% NP-40, 150 mM NaCl, 1 mM EDTA, and 1 μg/ml leupeptin, 3.8 μg/ml aprotinin, 1 mM PMSF, 1 μg/ml pepstatin, 1 mM Na 3 VO 4 and 2 mM NaF. Extracts were clarified by centrifugation at 4°C (14 000 × g for 20 min). Supernatants were collected and eluted with SDS sample buffer, and the proteins were resolved by SDS-PAGE. Rabbit anti-PRKAA1 antibody (abcam, 1:1000), rabbit anti-REDD1 antibody (abcam, 1:1000), rabbit anti-phosphor-mTOR antibody (abcam, 1:1000), rabbit anti-mTOR (abcam, 1:1000), rabbit anti-p70S6k (cell signaling technology, 1:1000), rabbit anti-phosphor-p70S6k (cell signaling technology, 1:1000), rabbit anti-4EBP1 (abcam, 1:1000), rabbit anti-phosphor-4EBP1 (abcam, 1:1000) and mice anti-α-Tubulin (Sigma, 1:10 000) were used as primary antibodies. Goat antimouse or anti-rabbit secondary antibodies (Calbiochem, 1:1000) were used to react with the corresponding primary antibodies. Immunoreactive bands were visualized using enhanced chemiluminescence (ECL, Pierce). Densitometry analysis on the bands was calculated by Quantity One (version 4.6.2, Bio-Rad).
Surgery and Microinjection
Mice were anesthetized with 5% chloral hydrate (8 ml/kg, i.p.) and placed in the stereotaxic apparatus (8001, RWD Life Science) before surgery. The coordinates (in reference to bregma) were as follows: lateral (L), ±1.0 mm; anteroposterior (AP), −1.70 mm; dorsoventral (V), and −2.3 mm. The 1 × 10 9 unit titer lentivirus with GFP sequence was injected into bilateral DG by microinjection (KDS200, KD Scientific). Infusions were performed at a volume of 1 μl for 2 min and the infusion cannula was left for diffusion for an additional 3 min. The REDD1 shRNA sequence used for siREDD1 lentivirus was as follows: REDD1 shRNA antisense, 5′CGTTTGCCTCAGCGGATA3′. The FUGW lentiviral vectors were used to package the target overexpressed lentivirus. The PRKAA1 inhibitor C9 (Merck, 10 mM) and activator AICAR (Sigma, 1 mM) were used to inhibit or elevate PRKAA1 in the hippocampus. The miR-181a antagomir was purchased from RiboBio.Co. and the inhibiting and overexpression lentivirus was purchased from GeneCopoeia.
Luciferase Assay
The pmirGLO dual-luciferase miRNA target expression vector was purchased from Promega (Cat. # E1330). PRKAA1 forward primer, 5′GGGTTTAAACTAGCGGCCGCGCCCTTTTATATATGAA GTGC3′, reverse primer, 5′TGCTCTAGAGTCCAGAATAAAATCA GGGGCTAA3′, the mutate PRKAA1 forward primer, 5′CCAGTG TGCACGATCTTTGGTATTTTCTAAGC3′ and the mutate PRKAA1 reverse primer, 5′ATACCAAAGATCGTGCACACTGGCTGACATGA3′. REDD1 forward primer, 5′GGGTTTAAACTAGCGGCCGCTGTATC TTCTGGTCTGAAAGGAC3′, reverse primer, 5′TGCTCTAGACTC ACAGTTGAATCCTCCAGTACAT3′, the mutate REDD1 forward primer, 5′GACTGCAGCACGATAAGAGTAGGAATGG3′ and the mutate REDD1 reverse primer, 5′CCTACTCTTATCGTGCTGC AGTCTGTAA3′. HEK293 cells were cotransfected with the group in Figure 3 .
Behavior
Contextual Fear Conditioning Test
On the first day, mice were placed in a standard fear-conditioning chamber (panlab) for training. Mouse was put in the conditioning context for 2 min, at the end of which, 3 times at a 1 s, each with 0.4 or 0.7 mA shocks were given with an intertrial interval of 59 s. After the last shock, mice were left in the chamber for 59 s before being moved back to their home cages. At 1 h and 24 h after training, mice were transferred back to the previous conditioning chamber where training occurred and the freezing responses were recorded for 5 min without foot shock.
Open-Field Test
The open-field test consisted of a 40 cm × 40 cm area divided into central (20 cm × 20 cm) and 35 cm high walls. The testmice were placed in the center of the field and the behavior was recorded for 10 min. The deotracking system (Smart) was used to score the distance mice moved and time spent in the field. The total distance traveled in the arena for 10 min was recorded as the index of locomotor activity. Time spent in central of the open field was used as the measure of anxiety-like behavior.
Elevated Plus Maze
The apparatus consisted of black stainless steel and 4 arms (30 cm length × 5 cm width): 2 open arms with a small raised lip (0.5 cm) and 2 closed arms with high, black walls (30 cm high). All 4 arms were connected by a center platform (5 cm × 5 cm). The maze was elevated to 50 cm above the ground. 
RT-PCR
Total RNA was isolated using TRIzol-A + RNA isolation reagent (Tiangen) following the manufacturer's protocol. A 0.5 μg aliquot of each sample was treated with DNase to avoid DNA contamination, and then was reversely transcribed using the All-in-One miRNA qRT-PCR Detection Kit (Cat. no. AOMD-Q020, GeneCopoeiaTM). The reaction was incubated for 60 min at 37°C followed by 5 min at 98°C. Quantitative real-time RT-PCR was performed in a Cycler (Bio-Rad) using SYBR-Green (Roche). The primer sequences were used as follows: miR-181a primer, 5′TGAGTGG CTGTCGCAACTTACAA3′ and U6 primer 5′CTCGCTTCGGCAG CACATATACT3′. Each sample was assayed in duplicate and the levels of miRNA were normalized for each well to the levels of U6 using the 2 −△△CT .
Immunochemistry
Mice were anesthetized with 5% chloral hydrate anesthesia (8 ml/kg, i.p.) and perfused with 0.9% NaCl solution, followed by 4% paraformaldehyde (PFA), pH 7.6. Mouse brains were postfixed in 4% PFA overnight and followed by equilibration at 4°C in 30% sucrose for another 24 h before sectioning. Then brains were sliced into 40 μm coronal section series on a Microm cryostat (HM 550) at −20°C. The immunohistological staining was stained in a solution containing 0.3% Triton X-100, 0.1% BSA, 10% normal goat serum, and anti-GFP mouse primary antibody (Sigma, 1:200) . After a series of 0.1 M phosphate buffer washes, sections were stained using the same blocking solution as above and Alexa Fluor 488 goat anti-mouse secondary antibody (Inventrogen, 1:1000).
Statistics
CFC training data were analyzed by repeated measures twoway ANOVA. Other group differences were analyzed using twotailed t test, one-way ANOVA or two-way ANOVA, followed by LSD post hoc analysis to compare means from several groups simultaneously. Significance was set at P < 0.05. Results are expressed as mean ± SEM (standard error of mean). Data analyses were performed using SPSS statistical program, version 13.0.
Results
miR-181a is Upregulated in the Hippocampus 1 h After Contextual Fear Conditioning Training
We initially performed qPCR to quantify miR-181a expression levels 1 and 6 h after contextual fear conditioning (CFC) training and to verify whether miR-181a participates in contextual fear memory. Our results showed that hippocampal miR-181a levels increased significantly 1 h after training (Fig. 1A , F 2,24 = 67.985, P < 0.001, one-way ANOVA), which suggested that miR-181a could be involved in hippocampal fear memory. We then investigated whether the CFC training-induced miR-181a change is specific to associative fear learning rather than exposure to either context or shock alone. Our results revealed that neither context nor shock alone could upregulate miR-181a levels ( Fig. 1B , F 3,28 = 28.201, one-way ANOVA), suggesting that increased miR-181a was specific to the associated hippocampal memory. Interestingly, miR181a levels in the amygdala, which is a brain region involved in CFC memory formation, did not significantly change after CFC training ( Fig. 1C ). Taken together, these results indicated that CFC training can enhance miR-181a levels in the hippocampus.
Manipulating miR-181a in the Hippocampus Affects the Consolidation of CFC
To examine whether the increased miR-181a was functionally involved in hippocampus-dependent memory, we stereotactically injected miR-181a antagomirs, which were labeled with biotin at the 3′ end, into the dentate gyrus (DG) of adult mice to abolish miR-181a levels ( Fig. 2A) . One week later, a large number of avidin positive cells were detected using avidin-biotin binding methods in the antagomir-injected mice, suggesting that the DG was successfully transfected by the antagomirs. qPCR results showed that miR-181a levels in the DG decreased by more than 60% following antagomir injection ( Fig. 2B , P = 0.028, two-tailed t test). These results suggested that antagomirs effectively blocked miR-181a levels in the adult mice. Moreover, miR181a-overexpressed lentivirus, which simultaneously expresses green-fluorescent protein (GFP), was injected into the DG of the Figure 1 . miR-181a is upregulated in the hippocampus 1 h after CFC. (A) qPCR analysis shows the relative levels of miR-181a in the hippocampus of mice 1 and 6 h after CFC training (n = 9 per group; **P < 0.01 vs. 0 h group). (B) Relative levels of miR-181a in the hippocampus 1 h after context alone, immediate shock alone, or paired CFC training normalized to control (n = 8 per group; **P < 0.01 vs. naive group). (C) Temporal changes of miR-181a levels in the amygdala following CFC training using real-time PCR (n = 9 per group). HIP: hippocampus; AMY: amygdala. All values are presented as the mean ± SEM.
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mice. Four weeks later, numerous GFP-positive cells in the DG were detected in the lentivirus-injected mice ( Fig. 2A) , which suggested that the DG was successfully transfected by the lentivirus. qPCR results showed that miR-181a levels in the DG increased by 96% after lentivirus injection ( Fig. 2B , P = 0.0065, two-tailed t test). These results suggested that miR-181a-overexpressed lentivirus effectively increased miR-181a levels in the hippocampus. We then evaluated the effect of miR-181a knockdown on hippocampus-dependent memory. We tested CFC on 2 mouse groups, namely, the scramble and the miR-181a antagomir group. Both groups exhibited intact freezing response during the training process ( Fig. 2C ), suggesting that miR-181a abolition had no effect on contextual fear memory acquisition. We then examined short-term memory (STM) and LTM 1 and 24 h after CFC training. Both groups did not exhibit significantly different freezing times during the STM test (Fig. 2D ). However, in the LTM test, freezing time was significantly shorter in the antagomir-injected group than in the scramble group, suggesting that blocking miR-181a can impair contextual fear memory consolidation ( Fig. 2D , P = 0.0013, two-tailed t test). Moreover, we designed miR-181a-inhibiting lentivirus to further confirm the functions of miR-181a in CFC consolidation process. The DG of mice was injected stereotactically with miR-181a-inhibiting lentivirus (si-miR-181a) or control (Scramble). Two weeks later, we identified that miR-181a inhibiting lentivirus can effectively knockdown the levels of miR-181a in DG ( Supplementary Fig. 1a ,b, P = 0.0012). The behavioral experiments exhibited that knockdown of miR-181a can significantly impair the LTM process but have no effect on training and STM process ( Supplementary Fig. 1c,d , P < 0.001), which suggested that knocking down miR-181a could impair the consolidation of CFC memory. All in all, these results revealed that miR-181a is sufficient for CFC memory consolidation.
To examine whether miR-181a participates in emotion, we checked the open-field and elevated plus mazes. Our results demonstrated that locomotion and time spent at the center were similar in the antagomir-injected and scramble mice. This finding suggested that miR-181a blocking could not affect spontaneous exploratory activity and anxiety-like behavior. In the elevated plus maze, miR-181a knockdown showed that the time spent in the open arm and frequency into the open arm were the same. This suggests that miR-181a blocking did not affect anxiety-like behavior ( Supplementary Fig. 2a-d) .
To further confirm miR-181a functions in contextual fear memory, we then used CFC with a weak electric shock (avoiding the ceiling effect) to examine whether miR-181a overexpression can promote hippocampus-dependent memory in GFP-control lentivirus and miR-181a-overexpressed lentivirus-injected mice. Results showed that freezing time was similar in both groups during CFC training and STM testing, suggesting that miR-181a overexpression had no effect on contextual fear memory acquisition and STM (Fig. 2E,F) . However, in the LTM test, freezing time significantly increased in the miR-181a-overexpression-lentivirus-injected mice than in GFP-control mice, suggesting that miR-181a overexpression can enhance contextual fear memory consolidation ( Fig. 2F , P = 0.025, two-tailed t test). Taken together, these results suggested that miR-181a is necessary and sufficient for contextual fear memory consolidation.
PRKAA1 and REDD1 are the Targets of miR-181a
The above data showed that miR-181a is essential for contextual fear memory consolidation; however, the underlying mechanism remained unknown. We therefore aimed to determine the miR181a-regulated targets participating in hippocampal memory by scanning the 3′UTR of mRNAs for potential miR-181a binding sites using different commonly mined algorithms (Targetscan, miRDB, microcosm) . These algorithms generate many putative targets. To limit the scope, KEGG analysis was performed on the predicted targets to examine miR-181a-regulated molecular pathways. Dozens of miR-181a-regulated signaling pathways were predicted. With our focus on the miR-181a function in learning and memory, we filtered out pathways that were uninvolved or unimportant in learning and memory. Only a few pathways were selected for the next round of screening. We took intersection elements from molecular pathways of different algorithmpredicted targets. The mTOR pathway was predicted by all algorithms used, this observation suggested that miR-181a could play important roles in mTOR pathway regulation. PRKAA1 and REDD1 are 2 proteins in the mTOR pathway signaling predicted to be regulated by miR-181a. Previous studies have shown that the mTOR pathway is essential for protein synthesis, synaptic plasticity, and memory consolidation. Therefore, we focused on the mTOR pathway moving forward.
We performed a luciferase reporter assay to determine whether PRKAA1 and REDD1 are indeed the molecular targets of miR-181a. The 3′UTR of PRKAA1 and REDD1 were cloned at the downstream of the luciferase. When HEK293 cells were cotransfected with a construct-encoding miR-181a and the luciferase construct with the 3′UTR of PRKAA1 and REDD1, the luciferase-mediated luminescence significantly decreased (Fig. 3A -C, PRKAA1: F 4,15 = 5.917, P = 0.0014, one-way ANOVA; REDD1: F 4,15 = 10.649, P < 0.001, one-way ANOVA). However, the luminescence was intact when the seed regions of PRKAA1 and REDD1 were mutated (Fig. 3A-C) . These results suggested that miR-181a targeted the 3′UTR of PRKAA1 and REDD1 to suppress luciferase activity. Moreover, when antagomirs were used to block miR-181a function, the decrease in luminescence was no longer observed (Fig. 3A -C, PRKAA1: P = 0.001, one-way ANOVA; REDD1: P < 0.001, one-way ANOVA). These results suggest that miR-181a targets PRKAA1 and REDD1.
Protein Levels of PRKAA1 and REDD1 Downregulated After miR-181a Induced CFC Training
The above results showed that PRKAA1 and REDD1 are the targets of miR-181a. We then investigated whether these targets are regulated by miR-181a after CFC training. We first examined PRKAA1 and REDD1 protein levels after CFC training and found that both proteins were decreased 4 h after CFC training (Fig. 4A-C 
shown that PRKAA1 and REDD1 can inhibit mTOR activity (Gordon et al. 2015; Shin et al. 2016) . Therefore, we examined mTOR activity after CFC training and found that p-mTOR expression levels were increased 0 and 4 h after CFC training (Fig. 4D, F 5 ,24 = 25.453, P = 0.0045, one-way ANOVA).
Given that PRKAA1 and REDD1 protein levels downregulated and the mTOR activity increased after CFC training, we investigated whether these changes were regulated by miR181a in the mice. We used antagomir blocked miR-181a and gave the mice CFC training. Mice were randomly divided into 4 groups: HC + veh, HC + anta, CFC + veh, and CFC + anta. PRKAA1 and REDD1 were higher in the HC+anta group than in the HC + veh group (Fig. 4F, antagomir, F 1,15 = 17.132, P = 0.0014; Fig. 4G , antagomir, F 1,15 = 1.187, P = 0.030, two-way ANOVA), 
naive group). (C)
Representative immunoblots of REDD1 protein levels (n = 5 per group; **P < 0.01 vs. naive group). (D) Representative immunoblots of p-mTOR protein levels (n = 5 per group; **P < 0.01 vs. naive group). E-H. Blocking miR-181a increased PRKAA1 and REDD1 levels and reduced mTOR activity 4 h after CFC training (n = 4 per group; &: significant vector effect; £: significant housing effect; §: significant interaction effect). Representative immunoblots are shown in E, and the relative densitometric analysis is shown in F,G, and H. All values are presented as the mean ± SEM. which suggested that blocking the miR-181a can increase PRKAA1 and REDD1 levels. The mice in the CFC + veh group showed lower PRKAA1 and REDD1 protein levels than those in the HC + veh group 4 h after CFC training (Fig. 4F, CFC, F 1,15 = 57.164, P < 0.001; Fig. 4G , CFC, F 1,15 = 62.759, P < 0.001, two-way ANOVA). However, when antagomir were injected, the mice in the CFC+anta group showed significantly higher PRKAA1 and REDD1 protein levels than those in the CFC + veh group (Fig. 4F , anta × CFC interaction, F 1,15 = 2.220, P = 0.162, post hoc: P = 0.0027, two-tailed t test; Fig. 4G , anta × CFC interaction, F 1,15 = 7.827, P = 0.016, two-way ANOVA), suggesting that the reduced PRKAA1 and REDD1 protein levels after CFC training were caused by miR-181a regulation in mice.
We then examined mTOR activity in mice and found that it was decreased in the HC+anta group and increased in the CFC + veh group. These results were opposite with PRKAA1 and REDD1 changes (Fig. 4H, anta, F 1,15 = 9.891, P = 0.008, two-way ANOVA). When antagomir was injected, the mice in the CFC+anta group showed significantly lower mTOR activity than the mice in the CFC + veh group (Fig. 4H , CFC, F 1,15 = 47.084, P < 0.001, two-way ANOVA), which suggested that the enhanced mTOR activity 4 h after CFC training was regulated by miR-181a. Taken together, these results suggested that miR-181a can reduce PRKAA1 and REDD1 levels to increase mTOR activity after CFC training.
miR-181a Can Affect the Activities of TranslationRelated Proteins p70-S6k and 4EBP1 After CFC Training
Previous studies have shown that protein synthesis is crucial for memory consolidation. Since mTOR signaling pathway plays an essential role in protein translation and protein synthesis (Shih and Hsueh 2016) , we wanted to find out whether miR-181a can regulate protein translation to participate in memory consolidation after CFC training. To this end, we examined 2 of the well-established downstream targets of mTOR, namely, p70-S6k and 4EBP1, which can probe whether the increased mTOR activation modulated the protein translation (Hay and Sonenberg 2004) . Our results revealed that p70-S6k and 4EBP1 activities were significantly decreased in HC+anta group compared with that of HC + veh group, which suggested that blocking miR-181a can downregulated the activities of p70-S6k and 4EBP1 (Fig. 5A,B, antagomir, F 1,15 = 28.820, P < 0.001; Fig. 5C , antagomir, F 1,15 = 13.221, P = 0.003, two-way ANOVA). Mice in CFC + veh group showed higher p70-S6k and 4EBP1 protein activities than those in the HC + veh group 4 h after CFC training (Fig. 5B, CFC, F 1,15 = 70.226, P < 0.001; Fig. 5C , CFC, F 1,15 = 74.634, P < 0.001, two-way ANOVA). However, when antagomir was injected, the mice in the CFC + anta group showed significantly reduced p70-S6k and 4EBP1 protein levels than those in the CFC + veh group (Fig. 5B , anta × CFC interaction, F 1,15 = 13.410, P = 0.003; Fig. 5C , anta × CFC interaction, F 1,15 = 9.851, P = 0.009, twoway ANOVA), suggesting that the enhanced p70-S6k and 4EBP1 protein activities after CFC training were caused by miR-181a regulation in mice. Taken together, these results indicated that miR-181a can regulate mTOR pathway to increase protein translation after CFC training.
Effects of miR-181a on Contextual Fear Memory Consolidation Depends on PRKAA1 and REDD1
The data above revealed that miR-181a can decrease PRKAA1 and REDD1 protein levels after CFC training. However, we wanted to determine whether the effect of miR-181a on fear memory consolidation depends on PRKAA1 and REDD1. To this end, we first examined whether PRKAA1 and REDD1 are functionally involved in hippocampus-dependent memory. For this purpose, the specific PRKAA1 activator, that is, AICAR, and inhibitor, that is, Compound 9, were used to activate or inhibit PRKAA1 in adult mice. The siREDD1 lentivirus, which simultaneously expresses GFP protein, was used to knockdown REDD1 levels in DG, whereas the REDD1-overexpression lentivirus-encoded REDD1-GFP, a fusion protein of REDD1 and GFP, was used to overexpress the REDD1 protein. Our results revealed that these lentiviruses were successfully transfected in cells by GFP immunostaining (Supplementary Fig. 3a) . Western blot analysis showed that REDD1 levels were significantly knocked down or overexpressed by these lentiviruses in DG ( Supplementary Fig. 3b F 3,32 = 79.083, P < 0.001, one-way ANOVA). We first examined the synergistic effect of PRKAA1 and REDD1 in CFC memory. For this purpose, we divided mice into 4 groups, that is, GFP + veh, GFP + AICAR, REDD1-OE + veh, and REDD1-OE + AICAR. Mice injected with REDD1-OE and AICAR in the DG were given CFC training, and these mice exhibited similar freezing times when compared with GFP + veh-injected mice during training and 1 h after training (Fig. 6A,B) , which suggested that enhancing PRKAA1 and REDD1 had no effects on fear memory acquisition and STM. We then examined contextual fear memory consolidation 24 h after training and found that mice injected with REDD1-OE, AICAR, and REDD1-OE + AICAR showed significantly lower freezing times than the vehicle-injected mice (Fig. 6B, F 3 ,37 = 45.056, P = 0.0035, one-way ANOVA), suggesting that elevating PRKAA1 and REDD1 impaired contextual fear memory consolidation. Next, we injected siREDD1 and C9 into the DG of adult mice to block PRKAA1 and REDD1 functions at a low current intensity. Results revealed that blocking PRKAA1 and REDD1 did not affect contextual fear memory acquisition and STM (Fig. 6C,D) . However, when given the LTM test, mice injected with siREDD1, C9, and siREDD1 + C9 exhibited significantly elevated freezing times compared with vehicle-injected mice (Fig. 6D, F 3 ,36 = 35.018, P < 0.001, one-way ANOVA), suggesting that blocking PRKAA1 and REDD1 could enhance contextual fear memory consolidation.
We then asked whether the effect of miR-181a on contextual fear memory consolidation depends on PRKAA1 and REDD1. Results showed that miR-181a overexpression enhanced contextual fear memory consolidation ( Fig. 6E,F ; F 3,32 = 12.112, P = 0.018, one-way ANOVA), which is consistent with our above data. Moreover, mice in the REDD1-OE + AICAR group exhibited lower freezing times than those in the GFP + veh group (Fig. 6F , P = 0.007, one-way ANOVA), suggesting that increased PRKAA1 and REDD1 functions suppressed contextual fear memory consolidation. However, freezing time was significantly lower in the 181a-OE + REDD1-OE + AICAR group than in the GFP + veh group. By contrast, no significant difference was found compared with that of REDD1-OE + AICAR group (Fig. 6F , P = 0.025, one-way ANOVA), which suggested that increased PRKAA1 and REDD1 functions can block miR-181a-OE-induced contextual fear memory consolidation enhancement. These results indicated that the effect of miR-181a on the hippocampal contextual fear memory consolidation depends on PRKAA1 and REDD1.
Effects of miR-181a on Contextual Fear Memory Consolidation Depends on the mTOR Pathway
Previous studies have reported that both PRKAA1 and REDD1 can inhibit mTOR activity in cells. The mTOR has been shown to participate in contextual fear memory consolidation; therefore, we investigated whether miR-181a can take part in the contextual fear memory consolidation by mTOR pathway regulation. To this end, we first examined whether PRKAA1 and REDD1 participation in fear memory consolidation depended on mTOR, which was still unclear from previous research. We divided mice into 4 groups: Scr + veh, siREDD1 + C9, Scr+rapamycin, and siREDD1 + C9+rapamycin. Our results revealed that the siREDD1 + C9 group exhibited significantly higher freezing times than the Scr + veh group, suggesting that abolishing PRKAA1 and REDD1 functions can enhance contextual fear memory consolidation ( Fig. 7A,B ; F 3,32 = 18.372, P = 0.013, one-way ANOVA). Moreover, the Scr+rapamycin group exhibited lower freezing times than the Scr + veh group. However, the siREDD1 + C9 +rapamycin group still showed lower freezing times when compared with the siREDD1 + C9 group but not when compared with the Scr + Rapamycin group (Fig. 7B , P = 0.008, one-way ANOVA), which suggested that inhibiting mTOR activity can abolish the enhanced memory consolidation induced by the loss of PRKAA1 and REDD1 functions. These results suggested that PRKAA1 and REDD1 are involved in contextual fear memory consolidation by inhibiting mTOR activity.
We have found that PRKAA1 and REDD1 participates in contextual fear memory consolidation by inhibiting mTOR activity; hence, we investigated whether miR-181a enhanced mTOR activity to participate in fear memory consolidation. When rapamycin was given, the 181a-OE+rapamycin group exhibited significantly lower freezing times than the GFP + veh group but had similar freezing responses with the GFP+rapamycin group ( Fig. 8A,B ; F 3,36 = 15.294, P = 0.02, one-way ANOVA), which suggested that mTOR activity inhibition can abolish the enhanced memory consolidation induced by increased miR-181a levels in the hippocampus. These results indicated that the effect of miR-181a on contextual fear memory consolidation depends on the activity of mTOR pathway.
Discussion
In this study, we observed miR-181a to be responsible for hippocampal contextual fear memory consolidation. Using luciferase reporter assay, we found that miR-181a targeted PRKAA1 and REDD1, which are 2 mTOR upstream inhibitor molecules. Finally, we indicated that upregulating miR-181a can downregulate PRKAA1 and REDD1 protein levels and then increase mTOR activity to facilitate hippocampal fear memory consolidation.
Our results provide several new insights into miRNA regulation mechanisms in hippocampus-dependent memory. First, we found that miR-181a is involved in the hippocampal contextual fear memory consolidation in adult mice. miR-181a acts as a tumor suppressor or as an oncogene, depending on the cancer type (Lin et al. 2015) . miR-181a downregulation has been shown to be critical for the development of B-CLL, and miR-181a loss is also associated with adverse prognosis in patients with cytogenetically abnormal AML (Calin et al. 2007; Li et al. 2012) . In neurons, fluorescence in situ hybridization revealed that miR-181a is an axon-enriched miRNA, which localizes as distinct granules in distal axons and growth cones (Sasaki et al. 2014) . Previous studies have shown that miR-181a is upregulated in the core, where cells die after cerebral ischemia. Poststroke treatment with miR-181a antagomir reduces injury and improves longterm behavioral recovery in mice after focal cerebral ischemia, whereas inhibiting miR-181a can reduce forebrain ischemiareduced neuronal loss (Moon et al. 2013; Xu et al. 2015) . These studies have revealed the deleterious effects of miR-181a on stroke prognosis. However, the roles of miR-181a in other higher functions, such as learning and memory, remain unclear. Our data revealed that miR-181a levels increase after CFC training, whereas the knockdown of miR-181a can impair contextual fear memory consolidation. By contrast, the overexpression of miR-181a enhances memory consolidation at low current stimuli. These results suggest that miR-181a is necessary and sufficient for contextual fear memory consolidation. Previous studies have demonstrated that some miRNAs are involved in learning and memory; however, our work is the first to verify that miR-181a plays an important role in hippocampal memory.
Second, we observed that PRKAA1 and REDD1 play important roles in contextual fear memory. PRKAA1 and REDD1, which are parallel but are not upstream and downstream relation pathways, were shown to regulate mTOR activity in cells (DeYoung et al. 2008; Mihaylova and Shaw 2011) . PRKAA1 and PRKAA2 are subtypes of the AMPK gene. AMPK is a major energy sensor that maintains cellular energy homeostasis (Hardie 2007 ). The freezing response 1 h and 24 h after training (n = 10 per group; *P < 0.05, **P < 0.01 vs. Scr + veh group). E.F. Increased REDD1 and PRKAA1 impaired CFC memory formation enhanced by miR-181a overexpression. (E) The freezing response in the training process. (F) The freezing response 24 h after training (n = 9 per group; **P < 0.01 vs. GFP + veh group). All values are presented as the mean ± SEM.
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The injection of AMPK agonist AICAR in the hippocampus can impair L-LTP, whereas the injection of AMPK inhibitor C9 can improve L-LTP (Potter et al. 2010) . The intraperitoneal injection of AMPK agonist AICAR enhanced spatial memory and motor function in young and old female mice (Kobilo et al. 2014 ). However, less than 1% of AICAR can permeate the blood-brain barrier, indicating that the functions of intraperitoneal AICAR injection on the formation of spatial memory may be indirect (Marangos et al. 1990) . Recent studies have shown that PRKAA2 participates in hippocampus-dependent contextual fear memory ; however, PRKAA1 function in hippocampal memory remains unclear. Our work proved that increasing PRKAA1 function in the DG impairs contextual fear memory consolidation, whereas impairing PRKAA1 in the DG has an opposite effect. These results indicated that PRKAA1 in the DG negatively regulates hippocampal contextual fear memory. REDD1, which is an upstream inhibitor of TORC1 activity through tuberous sclerosis proteins 1 and 2 (TSC1-TSC2), is related to reactive oxygen species and DNA damage. The knockdown of REDD1 in vitro and in vivo accelerates cell cycle exit by neuroprogenitors and their differentiation into neurons during brain development (Malagelada et al. 2011) . To avoid developmental neurological deficits in REDD1 knockout mice that would have interfered with the behavior results, we locally manipulated REDD1 functions in adult brains using siREDD1 lentivirus. Our data showed that overexpressing REDD1 can impair contextual fear memory. In contrast, REDD1 knockdown using siREDD1 lentivirus could enhance contextual fear memory consolidation. These results suggested that REDD1 is sufficient and necessary for hippocampal contextual fear memory. Studies have shown that REDD1 is essential for stress-induced synaptic loss and depressive behavior (Ota et al. 2014 ). However, whether REDD1 participates in learning and memory was still unknown. Our work is the first to demonstrate that REDD1 plays an important role in hippocampus-dependent memory.
Third, we demonstrated that miR-181a participates in hippocampal contextual fear memory by targeting PRKAA1 and REDD1. miRNA can regulate many cell targets to exert its functions. Several prediction algorithms (Targetscan, miR-22, miRDB, microcosm) and luciferase reporter assay were used to ascertain that miR-181a can target PRKAA1 and REDD1. Our results indicated that blocking miR-181a using antagomirs can reverse the decrease of PRKAA1 and REDD1 levels after CFC training, suggesting that miR-181a can regulate PRKAA1 and REDD1 levels after CFC training. Data concerning behavior showed that upregulating PRKAA1 and REDD1 together could impair contextual fear memory consolidation. Moreover, the overexpression of miR-181a could not reverse the PRKAA1 and REDD1 upregulation-induced memory deficits. These results indicated that miR-181a participation in hippocampal contextual fear memory depends on its targets, PRKAA1 and REDD1. Our work is the first to verify that the new targets of miR-181a regulate to participate in hippocampal contextual fear memory in vivo.
Finally, our results indicated that mTOR is a downstream regulator in response to miR-181a-mediated hippocampal memory. mTOR is important in neuronal signaling in various biological processes, such as gene expression, protein translation, and synaptic plasticity (Tang and Schuman 2002; CostaMattioli et al. 2009; Caccamo et al. 2015) . Previous studies have shown that PI3K/AKT can positively regulate mTOR to participate in hippocampal memory (Wang et al. 2014; Yin et al. 2016) . Our data showed that inhibiting mTOR can impair the enhanced contextual fear memory consolidation by downregulating PRKAA1 and REDD1. Studies have shown that PRKAA1 and REDD1 can regulate mTOR pathway in cells; however, our work first found that PRKAA1 and REDD1 can negatively modulate mTOR activity to participate in contextual fear memory in vivo. Given that miR-181a targets PRKAA1 and REDD1, which are regulated to participate in hippocampal contextual fear memory, our work demonstrated that inhibiting mTOR activity can impair the miR-181a overexpression elevated contextual fear memory consolidation, which gave us the evidence to prove that miR-181a ultimately regulates mTOR signaling to modulate the hippocampus-dependent contextual fear memory. Importantly, our results revealed that mTOR activity exists in 2 time windows, one around training and the other 4 h thereafter. We surmised that mTOR could not be induced by PRKAA1 and REDD1 due to a quick signal change during the first time window. In the other time window, when mTOR activity was enhanced 4 h after CFC training, it could be regulated by its upstream signals PRKAA1 and REDD1. Our results showed that impairing miR-181a can block mTOR activity increase 4 h after CFC training, suggesting that our hypothesis is right. Previous studies have revealed that mTOR is essential for protein translation in cells and that it mostly modulates its downstream molecules such as p70-S6k and 4EBP1 to increase protein synthesis (Hay and Sonenberg 2004; Shih and Hsueh 2016; Wang et al. 2016) . Moreover, p70-S6k and 4EBP1 participate in the CFC consolidation process (Gafford et al. 2011; Saraf et al. 2014) . Our results revealed that blocking miR-181a reduces p70-S6k and 4EBP1 activities in mice and impairs the increased p70-S6k and 4EBP1 activities after CFC training. Given that miR-181a can positively regulate mTOR signaling to participate in hippocampal contextual fear memory consolidation, these results suggested that miR-181a may improve protein synthesis to participate in hippocampal contextual fear memory consolidation by activating mTOR signaling in vivo.
In conclusion and to the best of our knowledge, this study is the first to determine that miR-181a participates in hippocampal contextual fear memory consolidation. We provided evidence that miR-181a is involved in hippocampal contextual fear memory consolidation by decreasing protein levels of its targets, namely, PRKAA1 and REDD1, in adult mice. Finally, we found that miR-181a ultimately regulated mTOR signaling to modulate hippocampus-dependent contextual fear memory. Our study enhanced our understanding of the miRNAs functions in learning and memory. Considering that miRNAs are essential for many brain disorders, we recommend further studies on miR181a as a potentially important therapeutic target.
